Stimulated emission depletion (STED) microscopy enables ultrastructural imaging of biological samples with high spatiotemporal resolution. Herein, we report a new class of STED nanoprobes based on fluorescent organosilica nanohybrids featuring sub-2 nm size and near-unity quantum yield. Corroborated by theoretical calculations, we experimentally demonstrate that the spin-orbit coupling (SOC) effect of heavy-atom-rich organic fluorophores can be mitigated through a silane-molecule-mediated condensation/dehalogenation process, resulting in bright fluorescent organosilica nanohybrids integrating with multiple emitters in one hybrid nanodot. When harnessed as STED nanoprobes, these fluorescent nanohybrids show intense photoluminescence, high biocompatibility, and longterm photostability. By taking advantages of the low-power excitation (0.5 W), prolonged singlet-state lifetime, and negligible depletioninduced re-excitation, these STED nanohybrids present high depletion efficiency (> 96%), extremely low saturation intensity (0.54 mW, ~0.188 MW/cm 2 ), and ultra-high lateral resolution of sub-20 nm (~em/28). We believe that this approach may facilitate the expansion of the nanoprobe toolbox across imaging and biological disciplines.
Introduction
Diffraction-unlimited far-field fluorescence microscopy techniques have made a strong imprint in life sciences over the past few decades. [1] As the first fluorescence-based super-resolution imaging technique, STED microscopy has emerged as one of the most promising technologies extending our horizons to the subcellular level. [2] For a conventional STED microscopy, acquisition of subdiffractional specimen features can be realized by shrinking the active emitting region through the use of a second red-shifted donut beam. With the depletion beam, emitters in the periphery could be deexcited via stimulated-emission depletion and the active emitting region could be confined to the donut center. For practical STED imaging, the typical selection criteria for nanoprobes considered are small size, high fluorescent quantum yield, water solubility, biocompatibility, and photostability, as well as low saturation power required for fluorescence suppression. [3] However, it remains challenging to find a class of STED nanoprobes that fulfill all these requirements in practice. For recently emerged STED nanoprobes including, quantum dots, [4] polymer nanoparticles, [5] aggregation-induced emission nanoparticles, [6] and upconversion nanocrystals, [7] despite their distinct features, they still suffer intrinsic limitations such as large physical dimensions, high saturation intensity or low lateral resolution.
Intersystem crossing (ISC) plays a crucial role in determining the optical properties of organic fluorophores, especially for those containing heavy atoms. [8] Triggered by strong SOC, the singlet-to-triplet ISC would severely depopulate the singlet excited state and result in a drastic decrease in both the fluorescence intensity and lifetime. [9] Therefore, breaking the detrimental SOC could be a viable approach to light up fluorophores that suffering severe ISC ( Figure 1a ). Besides, the integration of multiple emitting centers into one nanodot could effectively enhance the emission intensity at a single-particle level. [10] Organosilica nanomaterials have been at the forefront of biomedical research for decades. [11] Our present attempts aim at enriching the super-resolution nanoprobe toolbox with ultra-small and bright organosilica nanohybrids featuring superior superresolution imaging performance. We choose commercially available 4,5,6,7-tetrachloro-2′,4′,5′,7′-tetraiodofluorescein as a representative organic fluorophore in support of strong SOC. In a typical experiment, through a hydrolysiscondensation/dehalogenation hydrothermal reaction mediated by (3-trimethoxysilylpropyl) diethylenetriamine in water, we obtained sub-2 nm fluorescent organosilica nanohybrids with high water solubility, biocompatibility, and ultra-high quantum yield (~ 99%). Furthermore, when serving as STED nanoprobes, these fluorescent nanohybrids showed extremely low saturation intensity (~0.54 mW, ~0.188 MW/cm 2 ), ultra-high lateral resolution (~19.2 nm), and high resistance to photobleaching. Our [a] Dr. L. Liang These authors contributed equally to this work. Supporting information for this article is given via a link at the end of the document.
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Results and Discussion
The characterization of the as-prepared fluorescent nanohybrids by scanning transmission electron microscopy (STEM) shows a mean diameter of ~ 1.83 nm (Figure 1b ), which is even smaller than that of fluorescent proteins (~ 4 nm). Electron energy loss spectroscopy and energy-dispersive X-ray spectroscopy ( Figure  S1 a and b, Supporting Information) indicate that the process of hydrothermal dehalogenation occurs, and negligible halogen residues could be detected in dialyzed nanohybrids. Besides, the X-ray diffraction pattern reveals the amorphous silica nature of these nanohybrids (Figure S1 c, Supporting Information). Furthermore, the nonfluorescent solution obtained after thorough dialysis of nanohybrids suggests that the dehalogenated organic fluorophores are intertwined within the nanohybrids ( Figure S2 , Supporting Information). Amino-rich organosilica nanodots could be obtained through the hydrothermal treatment of the silane precursor alone, and the amide group formed upon addition of the organic fluorophore ( Figure S3 , Supporting Information). Therefore, these fluorescent nanohybrids are likely composed of organosilica cores with covalently linked multi-emitting centers. This structural arrangement enables access to ultra-small size while retaining high brightness in a single nanodot.
In addition to the excellent aqueous stability for several months ( Figure S4 , Supporting Information), the as-obtained organosilica nanohybrids, upon blue light illumination, showed broadband (~ 500 nm to 650 nm) emission with a near-unity fluorescence quantum yield of ~ 99% (Figure 1c ; Figure S5a , Supporting Information). Contrastingly, the aqueous solution of the original fluorophore showed a weak emission with intensity being only 2% of its nanohybrid counterpart ( Figure S5b , Supporting Information). Notably, without the assistance of the silane molecules, a turbid solution with unnoticeable fluorescence intensification was obtained under the same experimental condition ( Figure S6, Supporting Information) . Given the susceptibility of phosphorescence to oxygen and the dehalogenation process, we argue that such luminescence enhancement detected in the nanohybrids could mainly be ascribed to the effective suppression of singlet-to-triplet intersystem crossing.
To validate this hypothesis, we measured the luminescence o f or gani c fl uor opho re and na nohybr ids d ispe rs ed in glycerol/water mixtures with gradient controls over solvent viscosities and dissolved oxygen contents ( Figure S7 , Supporting Information). [12] In the case of pure organic fluorophore, we found that the phosphorescence from the triplet radiative decay starts emerging and increases rapidly when decreasing the water concentration (Figure 2a ). This phenomenon suggests an alleviation in oxygen-induced triplet-state quenching, as corroborated by the observation of drastically prolonged phosphorescence lifetime (Figure 2b, Figure S8 a, Supporting Information). In addition, luminescence from the singlet state is also strengthened, accompanied by an increase in the fluorescence lifetime from 0.12 to 0.53 ns (Figure 2b, Figure S8b , Supporting Information). This amplification occurs most likely because of the effective mitigation in solvent molecular vibration since the singlet-state fluorescence is insensitive to the dynamic collisional quenching from dissolved oxygen. In sharp contrast, the nanohybrids do not show any phosphorescence, even when water is completely replaced by glycerol ( Figure 2c) . Surprisingly, the phosphorescence of the nanohybrids could not be detected even in liquid nitrogen, even though a low-temperature is likely to boost the phosphorescence from a pure organic fluorophore ( Figure S9 , Supporting Information). Therefore, we believe that the unfavorable SOC in organosilica nanohybrids is largely suppressed, which in turn effectively blocks the pathway of fluorescence quenching through the singlet-to-triplet transition. For organosilica nanohybrids dispersed in pure water, a more than 36-fold prolonged fluorescence lifetime of 4.37 ns was 10.1002/anie.201912404
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This article is protected by copyright. All rights reserved. observed (Figure S10, Supporting Information) . Interestingly, the fluorescence intensity from these nanohybrids shows negligible change upon addition of glycerol, indicating that the emitting centers are integrated into these nanohybrids in a rigidified form with high resistance to solvent-associated quenching ( Figure  2c ). [13] To shed more light on the mechanism of the enhanced fluorescence from the nanohybrids, we performed ab-initio investigations, through the use of time-dependent density functional theory (TDDFT) [14] on the singlet and triplet excited states of the organic fluorophores before and after dehalogenation. By analyzing the energy gap between the lowest singlet excited state and other triplet excited states, we found significant energy gaps between S1 and T1 excited states (over 1.0 eV) for both the halogen-containing and halogen-free molecules, thus indicating a noneffective intersystem crossing via S1T1 channel (Figure 2d and 2e) . On the other hand, when compared with the S1-T1 gap, the gap between S1 state and higher triplet states such as T2 and T3 becomes smaller in both molecular systems. Notably, the calculated S1 and T3 energy levels of the halogen-containing molecule have a small gap of ~ 0.1 eV, which facilitates the singlet-to-triplet intersystem crossing. Moreover, the matched orbital transition components between S1 and higher triplet states in these two molecules confirm the intersystem crossing from S1 state to multiple triplet states (Table S1 and S2, Supporting Information). In addition to the aforementioned energy gap, the spin-orbital coupling between singlet and triplet excited states also plays a crucial role in determining the efficiency of the intersystem crossing. For the S1-T1 spin-orbital coupling, we found a comparable spin-orbital coupling parameter of ~25 cm -1 for both molecules. However, the S1-(T3, T4, or T5) spin-orbital coupling parameter in the halogen-free molecule is much smaller than that of the halogen-containing molecule (Figure 2f ). Given the large gap combined with low spin-orbital coupling, the process of intersystem crossing is significantly suppressed in the halogenfree molecule, which is in line with the enhanced fluorescence observed for the nanohybrids.
In a further set of experiment ， we evaluated the performance of the as-prepared organosilica nanohybrids in STED imaging (Figure S11, Supporting Information). As shown in Figure 3a , upon 488 nm excitation, the luminescence intensity of the nanohybrids declined rapidly with increase in the STED power (PSTED) of a continuous-wave (CW) depletion beam at 660 nm, and more than 90% of the initial luminescence could be suppressed when PSTED was set at 10 mW. When applying the depletion beam alone, no distinguishable fluorescence from the nanohybrids was detectable, and a depletion efficiency of ~ 96% could be achieved with a PSTED of 38 mW. Furthermore, the average full-width-at-half-maximums (FWHMs), calculated from the imaging data, were plotted as a function of PSTED, and the data were fitted using the theoretical resolution formula for STED microscopy [4b] . As indicated in Figure 3b , the effective spot size of the nanohybrids shrank drastically, and a resolution around 60 nm could be achieved using a depletion power of only 5 mW. Notably, an ultra-low saturation power (Psat) of 0.54 mW (~0.188 MW/cm 2 ) was determined, which is much lower than that of commercially available quantum dots and organic biomarkers. [4b, 15] The optical diffraction limitation associated with confocal microscopy imaging could be easily overcome by our nanohybrid-based STED imaging, as evidenced by the visualization of clearly resolved 10.1002/anie.201912404 Accepted Manuscript
This article is protected by copyright. All rights reserved. (Figure 3, c and d) . According to the corresponded line profiling (Figure 3 , e and f), the use of these fluorescent nanohybrids enables access to an ultra-high lateral resolution of ~19.2 nm; this represents a more than ten-fold resolution improvement.
Cancer cells were found to effectively uptake prepared organosilica nanohybrids via endocytosis and possible passive diffusion ( Figure S12, Supporting Information) , and the toxicity of these nanohybrids is negligible ( Figure S13 , Supporting Information). Thus, Hela cells treated with fluorescent organosilica nanohybrids were imaged using confocal microscopy and STED microscopy to demonstrate the potential of these nanohybrids for super-resolution bioimaging (Figure 4a ). It could be found that the nanohybrids could stain the Hela cells uniformly. However, in the conventional microscopy image, restricted by the resolution limit (~ 286 nm), sharp pictures of closely spaced point objects could not be resolved. In contrast, as profiled in Figure 4b , the organosilica nanohybrid-mediated STED microscopy imaging could provide more details and a lateral resolution of ~ 43.6 nm is achievable at a low depletion power of 18 mW. Besides, these fluorescent organosilica nanohybrids show high resistance to photobleaching (Figure S14, Supporting Information). As shown in Figure 4c , after a continuous acquisition of 100 frames, the STED image remains about 50 % of its initial intensity with a brightness adequate to identify subdiffraction features, indicating their potential for time-lapse super-resolution imaging.
Conclusion
In conclusion, we have developed a new class of STED nanoprobe based on organosilica nanohybrids. Through a silanemediated hydrolysis condensation/dehalogenation process, it is possible to integrate multiple emitters within a single fluorescent nanoparticle, and the ISC induced by SOC could be efficiently alleviated. As approaches to controlling the emission of these nanohybrids in the near-infrared region further develop, a more coherent growth of their utility in relation to analytical applications may be anticipated. Apart from super-resolution optical imaging, this new class of fluorescent nanohybrids may find use in other emerging fields, including single-molecule tracking, subcellular pH sensing, visualization of intra-neuronal motor protein transport [16] , and potentially many others. Figure 4 . a) Comparison of fluorescent organosilica nanohybrid-mediated confocal microscopy and STED microscopy imaging of Hela cells with excitation laser of 0.5 μW at 488 nm and STED laser of 18 mW at 660 nm. b) Fluorescence intensity profiles along the dashed lines across the nanohybrids in a). c) Normalized STED imaging fluorescence intensity of nanohybrids against the number of frames under continuous scanning with an excitation power of 0.5 μW and STED power of 18 mW. Insets: STED microscopy imaging of fluorescent nanohybrids taken at selected frames (frame-1,50, and 100) and the intensity profile along the dashed line in frame-100.
